Accumulation of AMPA receptors at synapses is a fundamental feature of glutamatergic synaptic transmission. Stargazin, a member of the TARP family, is an AMPAR auxiliary subunit allowing interaction of the receptor with scaffold proteins of the postsynaptic density, such as PSD-95. How PSD-95 and Stargazin regulate AMPAR number in synaptic membranes remains elusive. We show, using single quantum dot and FRAP imaging in live hippocampal neurons, that exchange of AMPAR by lateral diffusion between extrasynaptic and synaptic sites mostly depends on the interaction of Stargazin with PSD-95 and not upon the GluR2 AMPAR subunit C terminus. Disruption of interactions between Stargazin and PSD-95 strongly increases AMPAR surface diffusion, preventing AMPAR accumulation at postsynaptic sites. Furthermore, AMPARs and Stargazin diffuse as complexes in and out synapses. These results propose a model in which the Stargazin-PSD-95 interaction plays a key role to trap and transiently stabilize diffusing AMPARs in the postsynaptic density.
INTRODUCTION
The AMPA type of ionotropic glutamate receptors (AMPARs) mediates most fast excitatory synaptic transmission in the mammalian central nervous system. They are heterotetrameric structures assembled from combinations of four subunits (GluR1-4; Dingledine et al., 1999; Hollmann and Heinemann, 1994; Keinanen et al., 1990) . AMPARs are concentrated at synaptic sites as seen by both electron (Baude et al., 1995; Nusser et al., 1998) and light microscopy as well as electrophysiological recordings (Cottrell et al., 2000) . This accumulation has since long been suggested to derive from stabilization by interaction with intracellular scaffold proteins (Braithwaite et al., 2000; Garner et al., 2000; Garner et al., 2002; O'Brien et al., 1998) or extracellular ligands such as Narp (O'Brien et al., 1999) . Although a number of proteins have been suggested to be responsible for AMPAR stabilization, the precise identity of the stabilizing molecule(s) has remained elusive.
Over the last decade, constitutive and regulated AMPAR trafficking has been extensively investigated. Biochemical, electrophysiological, and imaging studies have established that AMPARs constitutively and rapidly cycle between the neuronal surface and intracellular compartments through endo-and exocytosis process Collingridge et al., 2004; Malinow and Malenka, 2002; Song and Huganir, 2002) . In addition, single receptor tracking (Borgdorff and Choquet, 2002; Groc et al., 2004; Tardin et al., 2003) , fluorescence recovery after photobleaching (FRAP; Ashby et al., 2006) , and electrophysiological approaches have highlighted the contribution of lateral diffusion to AMPAR trafficking. Indeed, using single particle/molecule detection techniques, we previously revealed that individual surface AMPARs diffuse within the plasma membrane of hippocampal neurons and continuously exchange between synaptic and extrasynaptic sites (Borgdorff and Choquet, 2002; Tardin et al., 2003) . Thus, the number of AMPARs at synapses results from a dynamic equilibrium between synaptic, extrasynaptic, and intracellular pools of receptors . Previous work had established that AMPAR endocytosis (Ashby et al., 2006; Blanpied et al., 2002; Racz et al., 2004) and exocytosis Andrasfalvy and Magee, 2004; Passafaro et al., 2001 ) likely occurs outside synapses. Altogether, these observations suggest that lateral diffusion could act as a complementary trafficking pathway to exo-/endocytosis for the regulation of AMPAR numbers at synapses. However, the molecular mechanisms involved in controlling receptor lateral diffusion remain unknown.
Over the last years, several AMPAR interacting proteins have been identified. Most of them are cytosolic proteins binding GluR2 C-terminal tail (Barry and Ziff, 2002; Garner et al., 2000; Scannevin and Huganir, 2000; Sheng, 2001) . ABP, GRIP, and PICK1 are PDZ-containing proteins that interact with the last four amino acids of GluR2 subunit. Their role in the clustering of AMPARs at synapse and in synaptic plasticity remains unclear. Schematically, ABP/ GRIP is concentrated at synaptic plasma membrane or in intracellular compartments, depending on its palmitoylation (DeSouza et al., 2002) . It could thus retain AMPA receptors at these sites. GluR2 phosphorylation by PKC uncouples the receptor from ABP/GRIP anchors (Chung et al., 2000) . Phosphorylated AMPARs still bind PICK1 and could be trafficked between synapses and intracellular compartments changing synaptic transmission efficacy (Daw et al., 2000; Perez et al., 2001; Seidenman et al., 2003) . More recently, the transmembrane protein Stargazin, also called g-2, was found to interact directly with AMPAR (Chen et al., 2000) . This protein has a PDZ binding site at its C terminus that associates with SAP102, and PSD-95/93 MAGUKs (Chen et al., 2000; Dakoji et al., 2003) . Stargazin is spontaneously mutated in Stargazer mice that show absence epilepsy and cerebellar ataxia (Chen et al., 2000) . Deficits in cerebellar function of Stargazer are due to a lack of AMPAR in the plasma membrane of cerebellar granule cells. In these cells, expression of full-length Stargazin rescues AMPAR synaptic responses, while expression of Stargazin lacking the PDZ binding site rescues surface delivery but not synaptic clustering of AMPAR, suggesting that the transmembrane protein plays a crucial role at several steps of AMPAR trafficking (Chen et al., 2000) . Stargazin belongs to a family of transmembrane AMPAR regulatory proteins which comprise Stargazin, g-3, g-4, and g-8 . In the hippocampal pyramidal cells, several TARP isoforms are expressed, leading to the proposal that Stargazin and related TARPS play a similar role in other brain areas (Rouach et al., 2005; Tomita et al., 2003) . TARPS are associated with AMPARs early in the synthetic pathway and control their maturation, trafficking, and biophysical properties . First, TARPs are involved in folding and assembly of AMPAR, stabilizing and facilitating their export from the ER Vandenberghe et al., 2005a) . Second, Stargazin promotes AMPAR surface expression (Chetkovich et al., 2002; Schnell et al., 2002; Tomita et al., 2003) . Third, TARPs are critical for clustering AMPAR at excitatory synapses through their interaction with PSD-95 (Chen et al., 2000; Schnell et al., 2002) , a major component of the postsynaptic scaffold (Kim and Sheng, 2004) , and probably with other MAGUKs (Elias et al., 2006) . PSD-95 overexpression in hippocampal slices enhances specifically synaptic AMPAR-mediated response without changing the number of surface AMPAR. Conversely, Stargazin overexpression increases selectively the number of extrasynaptic AMPAR without changing AMPAR-mediated synaptic currents. These observations indicate that the Stargazin/PSD-95 interaction is involved in the stabilization of AMPARs at synapses. As we and others have previously established that AMPARs can translocate between extrasynaptic and synaptic sites by lateral diffusion, we sought to investigate directly the role of the Stargazin/PSD-95 interaction on the surface trafficking of native and recombinant AMPARs, using single quantum dot tracking and FRAP on live hippocampal neurons.
RESULTS

AMPAR Surface Diffusion Is Decreased on PSD-95 Clusters
We first tracked in real time the movement of native GluR1 or GluR2 containing AMPARs at the surface of 7-10 days in vitro (DIV) cultured hippocampal neurons using QDs coupled respectively to antibodies specific for the extracellular N terminus domain of each of these subunits. As previously described (Borgdorff and Choquet, 2002; Groc et al., 2004; Tardin et al., 2003) , AMPARs exhibit different patterns of surface diffusion movements ranging from immobile to diffusing freely or within confined domains. We first investigated the relationship between these different types of movement and the localization of AMPARs with respect to PSD-95 clusters. PSD-95 is a major protein of the postsynaptic scaffold (Kim and Sheng, 2004) . Accordingly, PSD-95 was endogenously expressed and clustered at excitatory synapses in our cultured hippocampal neurons (see Figure S1 in the Supplemental Data available with this article online). Furthermore, when expressing PSD-95::GFP in neurons, we found that the vast majority of PSD-95::GFP clusters colocalized with v-Glut1 (84% ± 7%), used as a presynaptic marker of glutamatergic synapses, and with Homer 1c::TdimerDsRed, used as a postsynaptic marker ( Figure S2 ). We first quantified the instantaneous diffusion coefficient and the proportion of immobile AMPARs from the whole trajectories. The diffusing properties of AMPARs were similar in control neurons (nontransfected cells) and PSD-95::GFP-expressing neurons. Indeed neither the fraction of immobile receptors (GluR1 control, 51% ± 6%; GluR1 PSD-95::GFP, 51% ± 3%, t test, p > 0.05) nor the median diffusion coefficients of mobile receptors (GluR1 control, 0.043 mm 2 /s, IQR [interquartile range] = 0.021-0.083 mm 2 /s; GluR1 PSD-95::GFP, 0.022 mm 2 /s, IQR = 0.008-0.101 mm 2 /s; p > 0.05) were significantly different. We generally observed that rapidly diffusing AMPARs located in the extrasynaptic membrane (outside PSD-95 clusters) became less mobile when they reached and colocalized with a PSD-95 cluster, as illustrated in Figure 1 and Movie S1. The mean square displacement (surface explored) of the AMPAR outside the PSD-95 cluster varied linearly with time lag, indicating a freely diffusing pattern of surface diffusion. However, when the same receptor colocalized with a PSD-95 cluster, the MSD-time function was negatively curved, demonstrating that the receptor moved in a confined space (Figures 1A and 1B) . In this example, the AMPAR confinement on the PSD-95 cluster was reversible as the receptor exited the cluster after 35 s and recovered a freely diffusing pattern. We then analyzed trajectories according to the membrane localization of the AMPARs (on or outside PSD-95 clusters). Of the total 38 QD-AMPAR complexes that were recorded, eight remained confined on PSD-95::GFP clusters and four alternated between periods of confinement on PSD-95 clusters and periods of free diffusion outside PSD-95 clusters. The fraction of immobile AMPARs ( Figure 1D ), Neuron that we defined as D inst.coef. < 3.10 À3 mm 2 /s (the upper limit for measured diffusion coefficient of QDs stuck on glass), was 4-fold higher inside compared to outside PSD-95 clusters (outside PSD-95, 25% ± 2%; on PSD-95, 82% ± 9%; p < 0.01) and the median diffusion coefficient of the mobile GluR1-containing AMPARs ( Figure 1E ) was dramatically reduced on compared to outside PSD-95 clusters (GluR1 outside PSD-95, 0.055 mm 2 /s, IQR = 0.019-0.114 mm 2 /s; GluR1 on PSD-95, 0.007 mm 2 /s, IQR = 0.005-0.014 mm 2 /s; p < 0.01). From the MSD curves of confined AMPARs trajectory on PSD-95 clusters, we could measure an explored area of 0.17 mm (SD 0.17, n = 9). It should be noted that not all AMPARs displayed a reduced surface diffusion when colocalized with PSD-95 clusters ( Figure 1C) . A likely explanation could be that, due to optical resolution limitations, we cannot distinguish whether AMPARs and PSD-95 clusters are strictly apposed, and thus the AMPARs that do not reduce their surface diffusion on PSD-95 clusters may simply be outside such clusters. Otherwise, this could be due to a change in affinity of the AMPAR for the stabilizing scaffold or to a lack of available binding site in the cluster.
AMPAR Clustering Requires the PDZ Binding Site of Stargazin
In order to investigate the role of Stargazin in the regulation of AMPAR surface movement and distribution, we used either wild-type (WT) or a mutant (DC) Stargazin::GFP constructs in which the last C-terminal four amino acids corresponding to the PDZ binding site were removed. When expressed in COS-7 cells, Stargazin WT, but not Stargazin DC, allowed PSD-95-induced GluR2 surface clustering ( Figure S3 ). This indicates that the PDZ binding site of Stargazin is required to cluster AMPAR with PSD-95 in heterologous cells.
We first investigated whether Stargazin PDZ binding domain is involved in the synaptic accumulation of AMPARs, as previously indicated (Chen et al., 2000) . For this, we measured miniature synaptic currents in neurons transfected for 24-48 hr either with Stargazin WT::GFP or Stargazin DC::GFP constructs (Figure 2A ). The mEPSC frequency obtained from Stargazin WT neurons was not significantly different from the one obtained in untransfected neurons (untransfected, 1.27 ± 0.19 Hz, n = 13; Stargazin WT, 1.14 ± 0.24 Hz, n = 8; p > 0.05), whereas the mEPSC frequency of Stargazin DC neurons was The MSD calculated for the first part of the trajectory exhibits a negative curvature characteristic of a confined movement whereas the MSD calculated for the second part is linear which is characteristic of a free diffusion. These plots were fitted with either the equation describing confined movement (Kusumi et al., 1993) greatly decreased (Stargazin DC, 0.04 ± 0.03 Hz, n = 6; p < 0.001 compared to untransfected and Stargazin WT; Figures 2B and 2C ). The amplitude of the mEPSCs from Stargazin WT-transfected neurons was also not different from the one from untransfected neurons (untransfected, 22.7 ± 4.2 pA, n = 13; Stargazin WT, 20.4 ± 5.8 pA, n = 8; p > 0.05). Although Stargazin DC neurons have a very low frequency of mEPSCs, providing thus a limited population of all mEPSC events (n = 132), the mEPSC amplitude was significantly decreased in comparison to untransfected neurons (Stargazin DC, 8.8 ± 0.7 pA, n = 6; p < 0.05; Figure 2D) . Regarding the kinetics of the mEPSCs, we found no difference in the half-width between the three groups (untransfected, 1.9 ± 0.1 ms, n = 13; Stargazin WT, 1.6 ± 0.1 ms, n = 8; Stargazin DC, 1.9 ± 0.2 ms, n = 6; p > 0.05).
One possible explanation for the loss of synaptic activity in transfected neurons with Stargazin DC is that these neurons lost most of their neurite extensions. An inspection of visualized transfected neurons however indicates that this is very unlikely since these neurons displayed similar shapes as the Stargazin WT ones (Figure 2A ). We further measured and compared the cell capacitance of untransfected, Stargazin WT, and Stargazin DC neurons in order to obtain an indirect estimation of the cell membrane area. Consistently with the visualization, we found no significant difference in the cell capacitance between neurons (untransfected, 21.9 ± 3.5 pF, n = 13; Stargazin WT, 18.4 ± 2.7 pF, n = 8; Stargazin DC, 16.5 ± 1.4 pF, n = 6; p > 0.05; Figure 2E ). Finally, we ruled out any presynaptic effect of the mutant by measuring similar numbers of FM4-64-stained active synapses in neurons expressing either Stargazin WT or Stargazin DC ( Figure S4 ). Thus, these data confirm that the binding of Stargazin to PSD-95 is necessary for a synaptic AMPAR signaling (Chen et al., 2000; Chetkovich et al., 2002; Schnell et al., 2002) . Furthermore, by performing an immunostaining of surface AMPARs in neurons expressing Stargazin DC, we observed a large decrease in receptor clustering at synaptic sites ( Figure S5 ). All together, these results indicate that the PDZ motif of Stargazin that binds PSD-95 is important for the accumulation of surface AMPARs at synapses.
AMPAR Diffusion Is Increased at the Surface of Stargazin DC-Expressing Neurons
Diffusing surface AMPARs are stabilized on PSD-95 clusters and the binding of Stargazin to its PDZ-containing partners, such as PSD-95, is critical to cluster AMPARs within synapses. The loss of synaptic AMPARs in Stargazin DC-expressing neurons could be the result of their surface dispersal outside synapses due to a lack of stabilization in the postsynaptic membrane. To test this hypothesis, we compared the diffusion coefficient distributions of GluR1-containing and GluR2-containing AMPARs from untransfected neighboring neurons (control), Stargazin WT::GFP, and Stargazin DC::GFP expressing neurons (Figures 3A and 3B and Figures 3F and 3G) . The distributions of the diffusion coefficient from GluR1-containing and GluR2-containing AMPARs were similar. Two main populations can be identified from the bimodal shape of both GluR1 and GluR2 distributions: a mobile fraction (1.10 À2 < D inst.coef. < 5.10 À1 mm 2 /s) and a slowly mobile fraction, which is composed of slowly mobile (D inst.coef. < 1.10 À2 mm 2 /s) and immobile (D inst.coef. < 3.10 À3 mm 2 /s) AMPARs. In neurons expressing Stargazin WT, there was no significant change in (1) the fraction of immobile receptors (GluR1 control, 52% ± 6%; GluR1 Stargazin WT, 51% ± 5%; p > 0.05; GluR2 control, 52% ± 6%; GluR2 Stargazin WT, 48% ± 5%; p > 0.05) and (2) the instantaneous diffusion coefficients of both GluR1-containing and GluR2-containing AMPARs (GluR1 control, 0.043 mm 2 /s, IQR = 0.021-0.083 mm Stargazin WT, 0.059 mm 2 /s, IQR = 0.019-0.095 mm 2 /s; Figures 3C and 3D and Figures 3H and 3I) . However, the diffusions of GluR1-containing and GluR2-containing AMPARs at the surface of Stargazin DC-expressing neurons were both affected. Indeed, the fraction of immobile GluR1-containing and GluR2-containing AMPARs was significantly decreased when compared to control and (C-E) Stargazin DC significantly reduces mEPSC frequency (t test, ***p < 0.001 when compared to Stargazin WT) and amplitude (D) (t test, *p < 0.05 when compared to Stargazin WT), whereas it does not affect the cell capacitance (E) (t test, p > 0.05). All values are mean ± SEM; control, n = 13; Stargazin WT, n = 8; Stargazin DC, n = 6. Stargazin WT ones (GluR1 Stargazin DC, 16% ± 9%; GluR2 Stargazin DC, 26% ± 7%; p < 0.05; Figures 3C and 3H), whereas there was no change in the median diffusion coefficient of the mobile GluR1-containing and GluR2-containing AMPARs (GluR1 Stargazin DC, 0.039 mm These results indicate that Stargazin regulates mainly the immobilization of surface AMPARs rather than their mobility per se. Moreover, the relative percentage of time spent by each AMPAR in a state of confined diffusion dropped in Stargazin DC-expressing neurons when compared to control and Stargazin WTexpressing neurons (GluR1 control, 64% ± 6%; GluR1 Stargazin WT, 70% ± 7%; GluR1 Stargazin DC, 34 ± 6; p < 0.01; GluR2 control, 68 ± 4; GluR2 Stargazin WT, 65% ± 4%; GluR2 Stargazin DC, 44% ± 7%; p < 0.05; Figures 3E and 3J), indicating that Stargazin participates in the confinement of AMPAR in restricted area. In conclusion, AMPAR surface diffusion is modulated by the binding of Stargazin to PDZ-containing scaffold proteins.
AMPAR Mobility Is Increased at Synaptic Sites by Stargazin DC Overexpression
To study the role of Stargazin in regulating AMPAR mobility specifically at synaptic sites, we coexpressed GluR1::HA and Homer 1c::TdimerDsRed together with either Stargazin WT::GFP or Stargazin DC::GFP in hippocampal neurons. Homer 1c is a protein of the postsynaptic scaffold and in our experiments Homer 1c::TdimerDsRed is used as a synaptic marker (Okabe et al., 2001; Figure S1) . We first measured the diffusion coefficient from whole trajectories. As expected, the fraction of immobile receptors is globally reduced in neurons expressing Stargazin DC when compared to neurons expressing Stargazin WT (GluR1 Stargazin WT, 37% ± 9%; GluR1 Stargazin DC, 7% ± 3%; p < 0. (E) Bar graphs of the mean percentage of time confined ± SEM calculated from trajectories of GluR1-coupled QDs. Note that it is reduced in neurons expressing Stargazin DC::GFP compared to control and Stargazin WT::GFP-transfected cells, t test, **p < 0.01. (F-J) The distribution of GluR2 diffusion coefficients is similar to that of GluR1 (F and G). Stargazin DC::GFP (n = 97 QD) overexpression induced a decrease in the proportion ± SEM of immobile GluR2 (H) and in the probability ± SEM to be in a confined state (J) when compared to control (n = 237 QD) or Stargazin WT::GFP (n = 73 QD)-expressing cells, t test, *p < 0.05. There is no change in the median diffusion (±20%-75% IQR) values of mobile receptors between cells expressing either Stargazin WT::GFP or Stargazin DC::GFP and control cells (I), Mann-Whitney test, p > 0.05. 1c::TdimerDsRed clusters) location. To compare with our previous study (Tardin et al., 2003) , we defined three domains in the neuronal membrane: synaptic, extrasynaptic, and juxtasynaptic (an annulus 450 nm around the synapse). As previously, we observed that the proportion of immobile receptors was similar at the periphery of the synapses and in the extrasynaptic membrane ( Figure S6) . In further analysis, we thus considered only two compartments and merged the juxtasynaptic and extrasynaptic area. When investigating the effect of Stargazin variants, we first found that the fraction of immobile receptors was decreased at both extrasynaptic and synaptic sites in neurons expressing Stargazin DC as compared to Stargazin WT (extrasynaptic GluR1 Stargazin WT, 20% ± 5%; extrasynaptic GluR1 Stargazin DC, 8% ± 2%; synaptic GluR1 Stargazin WT, 39% ± 5%; synaptic GluR1 Stargazin DC, 18% ± 1%; p < 0.05; Figure 4B) Figure 4C ). Third, the amount of time spent by receptors at synapses ( Figure 4C ) was strongly decreased in cells expressing Stargazin DC (synaptic GluR1 Stargazin WT, 15 ± 0.5 s; synaptic GluR1 Stargazin DC, 4.9 ± 0.9 s; p < 0.001). Finally, we extended our analysis to older neurons (15) (16) (17) (18) (19) (20) . In these neurons, surface AMPARs can be trapped reversibly at spiny synapses (Movie S2; Ashby et al., 2006) showing that the movement of receptors in and out synapses are observed in both young and more mature neurons. On the one hand, the median diffusion coefficient of GluR1 containing synaptic receptors was significantly lower in 15-20 DIV neurons than in 8-10 DIV neurons, as we previously showed for GluR2 (Borgdorff and Choquet, 2002 Figure 4D ). Altogether, these results indicate that Stargazin interaction with proteins containing PDZ domains is involved in (1) the immobilization of AMPAR within the synaptic membrane and (2) the developmental increase in AMPARs trapping at synapses, in agreement with the rise in Stargazin and PSD93/95 (Sans et al., 2000) expression during development.
The PDZ-Binding Site of GluR2 Controls Its Surface Expression but Not Its Lateral Mobility Given the striking role of Stargazin C terminus in controlling AMPAR surface diffusion, we wondered if AMPAR subunits C termini had any role in controlling surface movements. The direct interaction of GluR2 C terminus with the PDZ-containing proteins ABP/GRIP and PICK1 has been shown to play an important role in the regulation of AMPARs expression at synaptic sites . Whether these proteins are involved solely in modulating the surface expression of the AMPARs or whether they also anchor surface AMPARs at synapse, however, remains unclear. We first used a mutant GluR2, GluR2 DC::GFP, in which the last C-terminal four amino acids corresponding to the PDZ binding site were removed. We compared the surface expression of GluR2 DC::GFP and wild-type GluR2 WT::GFP in cultured hippocampal neurons. Since the GFP tag is coupled to the extracellular N terminus of GluR2, the surface receptors could be specifically immunolabeled with an anti-GFP. The signal coming from this surface staining was normalized to that of the signal of the GFP, which corresponds to the total intracellular and surface expression of the recombinant protein. GluR2 surface expression was reduced by half when its PDZ binding site was deleted (GluR2 WT, 3.3% ± 0.5%; GluR2 DC, 1.5% ± 0.3%; p < 0.05; Figures 5A and 5B). Using Homer 1c::TdimerDsRed as a postsynaptic marker, we observed that both GluR2 WT::GFP and GluR2 DC::GFP nevertheless colocalized with Homer 1c ( Figure 5B ). Therefore, GluR2 DC::GFP is less expressed at the neuronal membrane but is still clustered at excitatory synapses.
To investigate the role of GluR2 PDZ interactors in controlling GluR2 lateral mobility, we tracked in real time the movement of GluR2 WT::GFP or GluR2 DC::GFP at the neuronal surface using QDs coupled to anti-GFP. The diffusing properties of GluR2 were not significantly changed by the deletion of the PDZ binding site. Indeed, the fraction of immobile receptors ( Figure 5C ) and the median diffusion coefficients of mobile receptors ( Figure 5D ) were similar for GluR2 WT::GFP and GluR2 DC::GFP (percentage of immobile-GluR2 WT, 48% ± 4%; GluR2 DC, 58% ± 10%; p > 0.05; median diffusion coefficients-GluR2 WT, 0.046 mm 2 /s, IQR = 0.016-0.089 mm 2 /s; GluR2 DC, 0.034 mm 2 /s, IQR = 0.013-0.071 mm 2 /s; p > 0.05). Moreover, the percentage of time spent by the receptor in confined state was unchanged by the mutation (GluR2 WT, 64% ± 5%; GluR2 DC, 68% ± 7%; p > 0.05).
We analyzed receptor movements according to their synaptic (on Homer 1c::TdimerDsRed clusters) or extrasynaptic location (outside Homer 1c::TdimerDsRed clusters). We did not detect any difference between GluR2 WT::GFP and GluR2 DC::GFP diffusion within synapses, neither in the fraction of immobile receptors (extrasynaptic GluR2 WT, 31% ± 8%; extrasynaptic GluR2 DC, 51% ± 8%; synaptic GluR2 WT, 78% ± 7%; synaptic GluR2 DC, 84% ± 5%; p > 0.05; Figure 5E) Figure 5F ). In order to confirm these results on native GluR2 containing AMPA receptors, we used the C-terminal SVKI peptide of GluR2 fused to the membrane permeant TAT sequence to compete for the binding of GluR2 to its partner scaffold proteins, as previously established (e.g., Daw et al. [2000] , Kim et al. [2001] , Terashima et al. [2004] ). In the presence of SVKI peptide, both the percentage of immobile native GluR2 and the median diffusion of the mobile receptors were similar to those measured in matched control experiments with a scrambled peptide ( Figure S7 ). Altogether, these results show that, in resting conditions, PDZ proteins interacting with GluR2 C terminus are mainly involved in the regulation of GluR2 surface expression but not in its trapping at synaptic sites. The GluR2 PDZ-binding motif could be either required for AMPAR retention in plasma membrane (Osten et al., 2000) or for receptor recycling at the surface (Passafaro et al., 2001 ).
AMPAR Surface Diffusion Is Modulated by PSD-95/ Stargazin Interaction
To specifically investigate whether the PSD-95/Stargazin interaction modulates AMPAR surface diffusion, we used PSD-95/Stagazin compensatory mutants where the interaction between the PDZ domain and its ligand is converted from class I to class II . Schematically, the Stargazin mutant (StargazinT321F) can only interact with the compensatory mutant of PSD-95 (PSD-95H225V) and not with the native PSD-95. We first tested the validity of the constructs by expressing StargazinT321F::GFP alone. It displayed a uniform distribution and did not coaggregate with v-Glut1 clusters. However, expression of both StargazinT321F::GFP and PSD-95H225V relocated StargazinT321F::GFP clusters to synaptic sites ( Figure S8 ). Thus, as previously shown , the synaptic targeting of Stargazin is dependent on the presence of synaptic PSD-95. Regarding the regulation of GluR2-containing AMPAR surface trafficking, we found that the fraction of immobile receptors was dramatically reduced in StargazinT321F-expressing neurons when compared to control and most importantly to StargazinT321F/PSD-95H225V-expressing neurons (GluR2 control, 76% ± 12%; GluR2 StargazinT321F = 10% ± 6%; GluR2 StargazinT321F + PSD-95H225V = 69% ± 7%; p < 0.01; Figure 6B ). The diffusion coefficient of the mobile GluR2-containing AMPARs was not significantly affected in all of the conditions, consistent with a role of the Stargazin/PSD-95 interaction in the immobilization of surface GluR2-containing AMPARs rather than in the receptor mobility (GluR2 control, 0.045 mm p < 0.05). Moreover, the relative time spent by each AMPAR in a confined pattern was significantly reduced in StargazinT321F-expressing neurons when compared to StargazinT321F/PSD-95H225V-expressing neurons (GluR2 control, 84% ± 6%; GluR2 StargazinT321F = 41% ± 7%; GluR2 StargazinT321F + PSD-95H225V = 78% ± 5%; p < 0.01; Figure 6C ). Similar results for the surface trafficking were obtained for GluR1-containing AMPARs (data not shown). As expected the mobility of the receptors was changed on StargazinT321F/PSD-95H225V clusters ( Figures 6D and 6E ), immobilization being increased (GluR2 outside StargazinT321F/PSD-95H225V, 37% ± 6%; GluR2 on StargazinT321F/PSD-95H225V, 77% ± 10%; p < 0.01) and median diffusion being reduced (GluR2 outside StargazinT321F/PSD-95H225V, 0.060 mm 
Stargazin and AMPA Receptors Diffuse as Complexes in the Neuronal Membrane
We then investigated the dynamic of AMPAR/Stargazin/ PSD-95 complexes. Using anti-HA-coupled QD, we first followed Stargazin surface movements in neurons coexpressing Stargazin::HA and PSD-95::GFP and measured Stargazin diffusion according to its localization with respect to PSD-95 clusters. Freely diffusing extrasynaptic Stargazin was reversibly stabilized on PSD-95::GFP clusters ( Figure 7A and Movie S3). Accordingly, on PSD-95 clusters, the fraction of immobile Stargazin was increased (Stargazin outside PSD-95::GFP, 20% ± 4%; Stargazin on PSD-95::GFP, 73% ± 10%; p < 0.01; Figure 7B Figure 7C ). It should be noted that the diffusion properties of Stargazin were modified on PSD-95 clusters to the same extent as those of AMPARs. However, AMPAR could diffuse out of synapses due to unbinding from Stargazin or to unbinding of Stargazin from PSD-95. To distinguish between these alternatives, we studied the effect of crosslinking induced GluR2 immobilization on Stargazin::GFP diffusion using FRAP. Neurons were cotransfected with Stargazin::GFP and an extracellularly TdimerDsRed-tagged GluR2. We incubated neurons with excess anti-DsRed antibody to specifically crosslink GluR2::TdimerDsRed. Such a treatment immobilizes surface expressed AMPARs (data not shown and Ashby et al. [2006] ). For FRAP analysis, we selected two types of regions, containing either scattered or clustered Stargazin::GFP. Stargazin clusters are most likely synaptic, 76% ± 3% of them being colocalized with Homer 1c::TdimerDsRed (data not shown). We first measured the recovery of the fluorescence signal after the photobleaching of Stargazin::GFP in control condition (without antibody). Consistent with the results obtained with single quantum dots tracking, the fluorescence recovery was slower (half decay time control values; Figure 8C ) and occurred to a lower extent (mobile fraction control values; Figure 8B ) in areas of clustered (i.e., synaptic) than scattered (i.e., extrasynaptic) Stargazin. This further indicates that both the mobile fraction and the diffusion coefficient of Stargazin were reduced at synaptic sites. We then measured Stargazin::GFP fluorescence recovery after preincubation with anti-GluR2::TdimerDsRed antibodies. This treatment induced a higher clustering of Stargazin at synaptic sites (data not shown) and significantly reduced the fraction of mobile clustered Stargazin. Even more interestingly, GluR2 crosslinking modified both the fraction of mobile and the recovery time of scattered (extrasynaptic) Stargazin. As a control, this treatment did not change the diffusion properties of a control GFP-coupled membrane protein (NrCAM-TM::GFP, see Experimental Procedures; Falk et al. [2004] ) that does not associate with AMPARs ( Figure S9 ). Altogether, these data strongly suggest that AMPAR and Stargazin diffuse as complexes in both synaptic and extrasynaptic plasma membrane.
DISCUSSION
AMPA receptors can exchange between synaptic and extrasynaptic compartments by lateral diffusion in the neuronal membrane (Ashby et al., 2006; Borgdorff and Choquet, 2002; Groc et al., 2004; Tardin et al., 2003) . In this study, we identified a molecular interaction strikingly involved in the concentration of diffusing AMPAR at synaptic sites. We showed, using single quantum dot imaging and FRAP in live hippocampal neurons, that AMPARs diffuse in the neuronal membrane together with Stargazin and are trapped reversibly at synapses through the specific binding of Stargazin to the PDZ-domain scaffold protein PSD-95. The disruption of the interaction between Stargazin and PSD-95 strongly increased AMPAR surface diffusion, removing AMPARs from postsynaptic sites as further demonstrated by the large reduction of the basal excitatory synaptic transmission. In contrast, the C-terminal domain of GluR2 does not seem to be involved in controlling AMPAR lateral diffusion. These results shine new light on how Stargazin modulates AMPARs trafficking and further strengthen a model in which TARPs are essential partners of AMPARs for their stabilization at synaptic sites.
QD-Based Tracking of Surface AMPARs and PSD-95
The surface diffusion of AMPARs has previously been described using single particle (Borgdorff and Choquet, 2002; Groc et al., 2004; Howarth et al., 2005) and molecule (Groc et al., 2004; Tardin et al., 2003) tracking, FRAP (Ashby et al., 2006) , and more recently using an electrophysiological approach with a photoactivable membrane-impermeable AMPAR antagonist . Although each approach has its own advantages and drawbacks (Cognet et al., 2006) , the use of individual nanometer-sized fluorescent objects, the quantum dots, uniquely allows the tracking of individual or small assemblies of surface AMPARs for long recording period in rather confined space (e.g., the synaptic cleft) (Dahan et al., 2003; Groc et al., 2004) . Furthermore, it provides a way to characterize the diffusion of a receptor and measure the time spent by this receptor in a specific compartment, i.e., extrasynaptic and synaptic membranes. We found that a significant fraction of GluR1-and GluR2-containing AMPARs laterally exchange between the extrasynaptic and postsynaptic membranes. We investigated the role of PSD-95 on AMPAR stabilization because PSD-95 expression enhances postsynaptic clustering of glutamate receptors (El-Husseini et al., 2000; Schnell et al., 2002) and plays, more generally, a key role during AMPAR-mediated synaptic transmission and plasticity (Beique and Andrade, 2003; Beique et al., 2006; Ehrlich and Malinow, 2004; Elias et al., 2006; Stein et al., 2003) . Moreover, a very recent study using short hairpin RNAs to acutely knock down PSD-95 expression showed that PSD-95, together with PSD-93, is involved in synaptic targeting of AMPARs (Elias et al., 2006) . While previous work on a PSD-95 KO mouse reported enhanced long-term potentiation and impaired learning in mice with mutant postsynaptic density-95 protein (Migaud et al., 1998) , the interpretation of these data are, however, complicated by the fact that these PSD-95 KO mice still express, albeit at low levels, a functional truncated form of PSD-95 (Ehrlich and Malinow, 2004; Schnell et al., 2002) . In contrast, AMPAR-mediated transmission is defective in mice with a complete PSD-95 gene deletion (Beique et al., 2006) . These data are in perfect accordance with our hypothesis on the key role of the Stargazin-PSD-95 interaction in controlling AMPAR stabilization at synapses. Accordingly, diffusing AMPARs were stabilized on PSD-95 clusters and this process was only transient (in the order of tens of seconds). Some of the AMPARs colocalized with PSD-95 clusters were still mobile, their movement being however strongly confined to areas of few hundreds of nanometer. This may represent either rapid binding/unbinding of the AMPAR/Stargazin complex to scaffold, i.e., PSD-95, elements or confinement of the movement of AMPAR/Stargazin/PSD-95 complex within the dense matrix of the postsynaptic density. AMPARs that are not stabilized on PSD-95 clusters mostly displayed free Brownian movements, whether extrasynaptic or in the presence of mutant forms of Stargazin. This shows that in the absence of a stabilizing interaction, AMPARs can travel long distances and possibly exchange between synaptic sites. Altogether, this indicates that the organization of surface AMPARs within synapses is highly dynamic since it relies on an equilibrium between diffusive and stabilized states of the receptors . Interestingly, such view of the postsynaptic organization is not restricted to AMPARs since diffusing mGluR5 and glycine receptors can also be stabilized at the surface by the postsynaptic scaffold proteins homer and gephyrin, respectively (Meier et al., 2001; Serge et al., 2002) , indicating that receptor trapping by scaffold proteins represents a general process to stabilize and accumulate surface receptors within the postsynaptic membrane.
It should be noted that a fraction of immobile AMPARs was not localized on PSD-95 clusters, possibly due to the existence of a small subset of synapses that lack PSD-95 but express the Stargazin interacting protein PSD-93, as seen in vivo (Elias et al., 2006) . Consistently, we observed few excitatory terminals not associated with a PSD-95 immunostaining (see Figure S1 ), but we could not explore this heterogeneity further in our cultured hippocampal neurons since the anti-PSD-95 antibody (clone 7E3-1B8) we used slightly crossreacts with PSD-93 (Sans et al., 2000) .
AMPAR Surface Trafficking in Stargazin DC-Expressing Neurons
None of the AMPAR subunits bind directly PSD-95. Among the several postsynaptic proteins that interact with AMPARs and which then may serve a link to PSD-95, Stargazin and the other members of the TARP family have emerged as key partners for AMPAR trafficking . Stargazin overexpression increases selectively the number of extrasynaptic AMPARs without changing AMPARs mediated synaptic currents, but its (A) Top, scheme describing the experimental strategy to determine if AMPA receptors and Stargazin diffuse as complexes in the neuronal plasma membrane. GluR2::TdimerDsRed was cotransfected with Stargazin WT::GFP. Surface GluR2 was specifically crosslinked by successive addition of an anti-TdimerDsRed and a Cy5-coupled secondary antibody (''X-linked'' condition). Bottom, plots of the normalized fluorescence intensity of Stargazin WT::GFP versus time before and after photobleaching (vertical arrow), recorded in control condition without any antibody or in conditions of GluR2 crosslinking (X-linked). Note that the GFP fluorescence recovery was lower when GluR2 was crosslinked.
(B) Histogram of the mean ± SEM Stargazin::GFP mobile fraction for regions containing either scattered extrasynaptic (in blue) or clustered synaptic (in red) Stargazin. Note that the fraction of mobile Stargazin was lower at synaptic than in extrasynaptic membrane in control condition and was decreased at both synaptic and extrasynaptic sites in X-linked condition.
(C) Histogram of the mean ± SEM half-recovery times in the same conditions. Fluorescence recovery was significantly slower at extrasynaptic sites in X-linked condition.
interaction with PSD-95 is critical for clustering AMPARs at excitatory synapses (Chen et al., 2000; Schnell et al., 2002) . Based on the present data, we further propose that the loss of synaptic AMPARs in Stargazin DCexpressing neurons is the result of their surface dispersal outside synapses due to a lack of stabilization in the postsynaptic membrane. The use of PSD-95 and Stargazin compensatory mutants, in which StargazinT321F can only interact with the compensatory mutant PSD-95H225V, demonstrated that the Stargazin/PSD-95 interaction is important to restrict the surface diffusion of AMPARs and thus to confine them on PSD-95 synaptic clusters. Consistent with the fact that Stargazin binds all known GluR subunits (Chen et al., 2000) , the disruption of the Stargazin/PSD-95 interaction affected equally the surface trafficking of GluR1-and GluR2-containing AMPARs.
In the presence of Stargazin mutants that do not bind PSD-95, most AMPARs displayed rapid free diffusion, similar to that observed for freely diffusing extrasynaptic AMPARs in control conditions. These Stargazin mutants likely compete for endogenous TARPs for binding to AMPARs, thus promoting the formation of AMPAR/mutant Stargazin complexes that cannot be stabilized on PSD-95 clusters. This further suggests that the Stargazin/ AMPAR complex can diffuse freely in the membrane in the absence of interaction with PSD-95. However, a small fraction of AMPARs still exhibited confined diffusion or even immobilization in the presence of mutant Stargazin, suggesting the existence of different interactors for membrane stabilization. Several possibilities can be discussed. First, confined events observed in neurons expressing Stargazin mutants could correspond to corralling of AMPAR surface diffusion within generic membrane domains created by extracellular matrix and/or cytoskeleton fences (Kusumi et al., 2005) . Second, a subset of AMPARs could still be bound to endogeneous TARPs. Indeed, several TARP isoforms in addition to Stargazin are expressed in hippocampal pyramidal neurons . g-8, which has a high sequence homology with Stargazin, is enriched in hippocampus, in which the expression of the other Stargazin-related proteins g-2, g-3, and g-4 is also observed . All of these proteins can rescue AMPAR response in Stargazer cerebellar granule cells . Along this line, it is interesting to note that in g-8 KO mice, the total, as well as the extrasynaptic pools, of AMPARs are greatly reduced, while synaptic AMPARs are only decreased by 35%. The synaptic AMPAR response is further reduced in g-8 g-2 double-KO mice, supporting the proposal that several hippocampal TARPs contribute to the synaptic targeting of AMPARs (Rouach et al., 2005) . Thus, in our experiments, it is possible that interactions between AMPAR and endogenous TARPs remain in spite of Stargazin mutant overexpression. This may explain the remaining fraction of immobile surface AMPARs. Third, other scaffolding proteins, such as SAP-97 or NSF, interact with specific AMPAR subunits ) and may thus serve as scaffold in the absence of Stargazin. However, as previously pointed out, the remaining immobile fraction was similar for GluR1-and GluR2-containing AMPARs, suggesting a rather unspecific effect on the AMPAR subunit type. Fourth, the neuronal pentraxin NARP and NP1 are enriched at excitatory synapses (O'Brien et al., 1999; Xu et al., 2003) and interact directly with all of the four AMPAR subunits inducing AMPARs surface clustering (O'Brien et al., 1999 (O'Brien et al., , 2002 Xu et al., 2003) . NARP and NP1 could thus act as AMPARs stabilizing extracellular factors. Finally, we cannot rule out that a proportion of these immobile AMPARs are trapped on clathrin-coated pits or recently internalized (Groc et al., 2004; Tardin et al., 2003) .
It should be noted that we observed immobile receptors at extrasynaptic sites (outside Homer 1c::TdimerDsRed clusters), some of them being released by Stargazin DC expression. These receptors could be trapped by extrasynaptic clusters of PSD-95 or other MAGUKs interacting with Stargazin such as SAP-102 and PSD-93. Indeed, we found that 8% ± 3% of PSD-95::GFP clusters were not colocalized with Homer 1c::TdimerDsRed. Such extrasynaptic clusters of scaffolding proteins, i.e., SAP102 and PSD-95, have been previously described (Rao et al., 1998; Sans et al., 2000) . However, a fraction of extrasynaptic receptors remains immobile in Stargazin DCexpressing neurons, suggesting stabilization by other mechanisms. Finally, due to the high level of fluorescence along neurites in Homer 1c::TdimerDsRed-expressing neurons, it is possible that we did not detect the dimmest clusters. Thus, some of the immobile ''extrasynaptic'' receptors could be actually localized on such clusters.
Possible Models for Surface AMPAR-Stargazin Trafficking Altogether, these results suggest a model in which concentration of AMPARs at postsynaptic sites is envisioned as a dynamic interplay between diffusing AMPARs and stabilization slots located below the plasma membrane. Our FRAP data show that AMPAR and Stargazin are associated at both synaptic and extrasynaptic sites, suggesting that they form stable complexes that can freely diffuse within the plasma membrane when not stabilized through binding to PSD-95. This is consistent with the idea that Stargazin is a constitutive AMPAR auxiliary subunit (Fukata et al., 2005; Vandenberghe et al., 2005b ) that binds AMPARs early in the synthetic pathway and is required for AMPAR trafficking to the surface (Chen et al., 2000) . However, the remaining fluorescence recovery observed during our experiments suggests that a small fraction of Stargazin can diffuse alone in the neuronal membrane. In support of this observation, biochemical data have shown that the interaction between TARP proteins and AMPARs can be disrupted by glutamate (Tomita et al., 2004) , demonstrating that under certain conditions AMPARs and Stargazin can be trafficked independently.
Unbinding of AMPARs from the postsynaptic density and their subsequent increased diffusion could arise either from disruption of the Stargazin-PSD-95 link or unbinding of a putative AMPAR/Stargazin/PSD-95 complex from another anchor. This other anchor could be PSD-95 itself or yet another PSD-95 synaptic partner. Indeed, PSD-95 can homomerize in an activity-dependent regulated manner (Christopherson et al., 2003; El-Husseini Ael et al., 2002) . Our data cannot directly distinguish between these different possibilities. However, PSD-95 has a rather slow turnover at synapses, in the order of 25% over 5 min (Okabe et al., 2001; Sharma et al., 2006) , a value which is much slower than the one we found for Stargazin (25% in 30 s). This suggests that the reversible link that allows AMPARs to traffic in and out synapses is mostly the Stargazin-PSD-95 interaction.
Finally, the regulation of the interaction between TARPs and associated MAGUKs and the subsequent changes in AMPAR surface trafficking, are likely to play a critical role in maturation and plasticity processes. On the one hand, the instability of AMPA signaling in immature synapses parallels a low expression level of PSD-95/93, that substantially increase over development (Sans et al., 2000) . Accordingly, we observed that the developmental decrease in AMPARs synaptic mobility is largely reversed by Stargazin DC expression. This could suggest that the interaction of Stargazin with SAP102 and then with increasing level of PSD-95/93 is involved in the higher trapping efficiency of AMPAR at mature synapses. On the other hand, Stargazin interaction with PSD-95 can be modulated by phosphorylation (Chetkovich et al., 2002) . The PKA phosphorylation of Stargazin C terminus prevents Stargazin binding to PSD-95 (Chetkovich et al., 2002) . Furthermore, Stargazin Cter tail is quantitatively phosphorylated on a set of serine residues. Phosphorylation and dephosphorylation of Stargazin are regulated by NMDAR activity and necessary for LTP and LTD of hippocampal synaptic transmission, respectively . It will be of interest to determine how these processes regulate AMPARs surface trafficking to and from synapses.
EXPERIMENTAL PROCEDURES
Plasmid Constructs
GluR1 and GluR2 subunits were N-terminally epitope-tagged with an HA tag or a Myc tag, respectively. eGFP was inserted into Stargazin WT and mutants constructs between residues 269 and 270, at the BglII site. In Stargazin DC::GFP, the final four amino acids of Stargazin were deleted (Chen et al., 2000) . For the Stargazin/PSD95 compensatory mutants , the À2 position threonine of Stargazin was mutated to phenylalanine (StargazinT321F::GFP) and the 225 position histidine of PSD-95 was mutated to valine (PSD-95H221V). Wildtype PSD-95 was either unlabeled or C-terminally tagged with eGFP. For Homer 1c::TdimerDsRed, Homer 1c cDNA was subcloned into the eukaryotic expression vector pcDNA3 (Invitrogen) at the EcoRI sites, and TdimerDsRed was inserted N-terminally to the Homer 1c sequence between the Hind III/EcoRI sites. TdimerDsRed is a tandem dimer of the monomeric form of DsRed . As a control for FRAP experiments, we used a construct comprising the transmembrane domain of NrCAM linked to an extracellular GFP, NrCAM-TM::GFP (Falk et al., 2004) . Finally, the GluR2 DC::GFP construct was made by adding a stop codon before the last four amino acids of the GluR2 coding sequence using directed mutagenesis (QuickChange II XL Site-Directed Mutagenesis Kit, Stratagene). R2Delta4-F 5 0 -C GTA TAT GGC ATC GAG TGA GTT AAC ATT TAG GGG ATG ACC-3 0 and R2Delta4-R 5 0 -GGT CAT CCC CTA AAT GTT AAC TCA CTC GAT GCC ATA TAC G-3 0 were used as sense and antisense primers. Note that an HpaI site was inserted to screen the mutated clones. Plasmids were expressed by transient transfection in primary hippocampal cultures (see Supplemental Experimental Procedures).
AMPAR and Stargazin Live Staining, QD-Based Tracking, FRAP Experiments, and Electrophysiological Recordings Neurons were incubated 10 min with polyclonal anti-GluR1 (0.5 mg/ml, provided by Dr. Richard Huganir) or monoclonal anti-GluR2 (5 mg/ml, BD Pharmingen) at 37 C for the surface staining of GluR1-containing or GluR2-containing native AMPARs. GluR1::HA and Stargazin::HA were detected with a monoclonal anti-HA (0.5 mg/ml, Boehringer Mannheim) following the same procedure. Finally, extracellularly GFPtagged GluR2 were immunostained using a monoclonal anti-GFP (0.5 mg/ml, Molecular Probes). After incubation with the primary antibody, neurons were washed and incubated 1 min at room temperature with Qdot 655 F(ab 0 )2 anti-rabbit or mouse IgG conjugate (2 nM, Quantum Dot corporation, Ozyme, France). After fast rinses, the coverslips were mounted in a custom chamber with culture medium supplemented with 20 mM HEPES. Neurons were imaged at 37 C on an inverted microscope (Olympus IX70; Olympus) equipped with a 1003 oil-immersion objective (NA = 1.4). Samples were illuminated by a mercury lamp (Olympus). GFP, DsRed, and QDs were detected by using appropriate excitation filters (respectively, HQ480/20, HQ 565/20, and BP 420-480) and emission filters (respectively, 525/50, BA 590, and 655WB20). One thousand consecutive frames were acquired at 14 Hz with a CCD camera (CoolSnap HQ, Roper Scientific). All data were taken within 20 min after the last rinse of the coverslip. For FRAP experiments, 15-20 DIV hippocampal neurons were cotransfected with Stargazin::GFP and GluR2::TdimerDsRed (extracellular N-terminal tag) or NrCAM-TM::GFP and GluR2::TdimerDsRed. Experiments were performed either in control condition or after specific GluR2 crosslinking using sequential 10 min incubations with antiDsRed antibodies (BD Pharmingen, 1/100) and Cy5-coupled secondary anti-mouse-IgGs (20 mg/ml, Jackson Immunoresearch Laboratories). See Supplemental Experimental Procedures for detail on fluorescence measurements and electrophysiological experiments.
Trajectory Analysis
QDs exhibit random blinking; these dark periods are the signature of single QD but they prevent continuous tracking of the receptor. Single QD trajectories were constructed using homemade software. Trajectories obtained from one QD between the dark periods were connected only if the duration of the fluorescence disappearance and the distance covered by the particle during this period were under a threshold we defined (maximum distance from three to eight pixels and maximum blinks 200 frames). These thresholds have been adapted for each movie, according to the duration of the dark periods and the density of QDs in the field, to avoid the generation of more than one trajectory per QD or the connection between trajectories belonging to different QDs. Instantaneous diffusion coefficients, D, were calculated from linear fits of the n = 1 to 6 values of the mean squared displacement curves versus time using MSD (t) = <r 2 > (t) = 4Dt. For each trajectory, confined and diffusive periods were precisely detected as previously (Serge et al., 2002 ) using a mathematical function termed L function. This function is an index of the probability that a given time point belongs to a period in which the receptor remains in a membrane subregion for a duration longer than a Brownian diffusing (D = 0.2 mm 2 /s) would stay in an equally sized region.
GluR2 WT::GFP and GluR2 DC::GFP Surface Immunostaining Neurons expressing either GluR2 WT::GFP or GluR2 DC::GFP were fixed with 4% paraformaldehyde and sucrose and washed with PBS and BSA. Fixed neurons were then incubated 20 min at room temperature with an anti-GFP polyclonal antibody (0.5 mg/ml, Molecular Probes). The primary antibodies were then revealed with Cy5-coupled anti-rabbit IgG secondary antibodies (4 mg/ml, Jackson Immunoresearch Laboratories) 30 min at room temperature. Coverslips were then mounted in Vectashield mounting medium. Images were acquired at the same exposure time using a Quantix digital cooled CCD camera (Photometric), and fluorescence levels were measured using Metamorph software (Universal Imaging).
Statistical Analyses
Student's t test was used to test differences in mEPSC frequency and amplitude between groups in electrophysiology experiments and to test the difference in GluR2 surface expression between neurons transfected with either GluR2 WT::GFP or GluR2 DC::GFP. For the single particle tracking and FRAP experiments, differences in percentage of immobile receptor, in percentage of time confined, and half decay times were tested using Student's t test. Differences in median diffusion of mobile receptors were tested using Mann-Whitney test.
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